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ABSTRACT

Rationale
Post-translational modified peptides analysis by mass spectrometry (MS) remains incomplete, in part due to incomplete sampling of all peptides which is inherent to traditional data-dependent acquisition (DDA). An alternative MS approach, dataindependent acquisition (DIA), enables comprehensive recording of all detectable precursor and product ions, independent of precursor intensity. The use of broad band collision-induced dissociation (bbCID), a DIA method, was evaluated for the identification of protein glycosylation and phosphorylation.
Methods bbCID was applied to identify glycopeptides and phosphopeptides generated from standard proteins using a high resolution Bruker maXis 3G mass spectrometer. In bbCID, precursor and product ion spectra were obtained by alternating low and high collision energy. Precursor ions were assigned manually based on the detection of diagnostic ions specific to either glycosylation or phosphorylation. The composition of the glycan modification was resolved in the positive ion mode, whilst the level of phosphorylation was investigated in the negative ion mode.
Results
The results in this study demonstrate for the first time that the use of a bbCID approach is suitable for the identification of glycopeptides and phosphopeptides based on the detection of specific diagnostic and associated precursor ions. The novel use of bbCID in negative ion mode, allowed the discrimination of singly and multiply phosphorylated peptides based on detection of phosphate diagnostic ions. 3 The results also demonstrate the ability of this approach to allow the identification of glycan composition in N-and O-linked glycopeptides, in positive ion mode.
Conclusions
We contend that bbCID is a valuable addition to the existing toolkit for PTM discovery. Moreover, this technique could be employed to direct targeted proteomics methods, particularly where there is no a priori information on glycosylation or phosphorylation status. This technique is immediately relevant to the characterisation of individual proteins or biological samples of low complexity, as demonstrated for the analysis of the glycosylation status of a therapeutic protein. 1 2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Post-translational modification (PTM) of proteins, such as phosphorylation and glycosylation, control many cellular processes. [1, 2] The physiological relevance of PTMs in proteins has resulted in the use of a wide range of techniques for their analysis, from simple spectrophotometric assays to mass spectrometry (MS)-based workflows. Of these, MS-based proteomics has emerged as the preferred technique for the investigation of PTMs. [3, 4] Typical proteomics workflows, including hyphenation of liquid chromatography and collision-induced dissociation (CID) tandem mass spectrometry (MS/MS), have been proven to be powerful strategies for PTM identification and quantification. In these workflows, data dependent MS/MS acquisition (DDA) is frequently used in which two stages are employed. The first stage involves isolation of a specific peptide ion population and the second stage involves the fragmentation of a selected precursor ion. Upon fragmentation of PTM bearing peptides, unique fragment ions, the socalled diagnostic ions, can be generated and used to unequivocally identify a given tandem mass spectrum as related to a specific modification. [5] [6] [7] [8] [9] [10] [11] Despite major advances in MS-based proteomics, PTM analysis is still difficult. For instance, the identification of a peptide modification site is challenging as some PTMs, such as phosphorylation and N-glycosylation, are labile and thus can be lost during the isolation and fragmentation process. To overcome this, different fragmentation techniques, such as electron transfer dissociation (ETD), have been used. For instance, ETD is known to preserve the phosphate groups on phosphopeptides during the isolation and fragmentation steps. [12] Additional difficulties may arise if multiple modifications exist on the same peptide. This can be F o r P e e r R e v i e w 5 overcome through the use of different MS approaches. One strategy would be to employ targeted analysis such as multiple reaction monitoring using a triple quadrupole or parallel reaction monitoring using an Orbitrap, to monitor the transitions of precursor/fragment ions or precursor/PTM diagnostic ions. [7, 13, 14] All solutions discussed so far for existing challenges employ the use of a traditional DDA approach. This approach severely limits the amount of information retrieved from the complex peptide mixtures, especially for low abundance peptides. This is because DDA is biased to selection of the most abundant ions for fragmentation and analysis. To overcome this, data independent acquisition (DIA) methods such as MS E and SWATH have been introduced as a distinct, complementary strategy to DDA. [15, 16] However, MS E and SWATH are techniques that are specific to platforms developed by Waters and ABSciex, respectively. Broadband collision induced dissociation (bbCID) is similar DIA technique that is available to the users of the Bruker maXis platform. In contrast to MS E and SWATH, the use of bbCID for the analysis of PTMs of proteins has been relatively unexplored by the scientific community. We have previously described the utility of the bbCID technique for PTM analysis of acetylated peptides. [17] The key principle of this technique is to simultaneously fragment all precursor ions observed in the MS survey scan.
Alternating between MS survey (low energy) and bbCID (higher energy) scans enables the generation of MS scans for all precursor and their fragment ions across the mass range. The presence of acetylated peptides was determined by detection of the specific diagnostic ion (m/z 126.091). [17] In principle, this approach can be applied to other PTMs that produce diagnostic ions. Therefore, in this study, we sought to extend the methodology to evaluate phosphorylated and glycosylated peptides through identification of glycan and phosphate diagnostic ions. Here, the task is more challenging than identification of a stable PTM such as acetylation, because glyco-and phospho-modifications are known to be labile during the isolation and fragmentation process in MS. In this study, we assess the merits and limitations of using bbCID for analysis of phosphopeptides and glycopeptides, using known phosphoprotein and glycoprotein standards.
Materials and Methods
Otherwise specified, all chemical and reagents were supplied by Sigma-Aldrich 
In solution Digestion
Glycoprotein and phosphoprotein protein standards (interferon alpha 2b, fetuin A and -casein) were prepared in 50 mM ammonium bicarbonate solution (pH 8.0). Samples (5 µg (IFN 2b) or 20 µg in total) were reduced using 4mM dithiothreitol (60 °C for 30 minutes) and alkylated using 8 mM iodoacetamide (30 min incubation in the dark at room temperature) prior to addition of trypsin at a protein:trypsin ratio of 50:1. Just prior liquid chromatography and mass spectrometry, samples were diluted to 100 fmol uL -1 by using HPLC water incorporating 0.1 % (v/v) trifluoroacetic acid (TFA).
Liquid chromatography and mass spectrometry
Ultra-high-performance liquid chromatography (uHPLC) was performed using an 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 MS spectra by use of collision sweeping. Compass DataAnalysis v4.1 software (Bruker, Bremen, Germany) was used to extract diagnostic ion information and to associate fragment ions to their respective precursor ions.
Results and Discussion
Representative glycoprotein and phosphoprotein samples were used to assess the utility of the bbCID method for PTM analysis in positive and negative ion modes, respectively. No pre-enrichment steps were included.
Glycopeptide analysis
Commercially available bovine fetuin A and human interferon alpha 2b (IFN 2b)
were used as representative glycoproteins to evaluate asparagine N-linked and serine and threonine O-linked oligosaccharide modifications. Fetuin A was selected as an example of a highly glycosylated protein containing sialylated N-linked and Olinked glycans that exhibit heterogeneity on the glycans attached to the same amino acid. [8] [9] [10] [11] 19 -21] IFN 2b was selected as an example of a therapeutic protein, in which glycosylation is essential for biological activity and efficacy.
Analysis of tryptic digests of fetuin and IFN 2b was performed by bbCID without glycopeptide enrichment, in order to evaluate the utility of this method with respect to glycopeptide discovery. Glycosylated peptides were assigned based on the presence of specific glycan diagnostic ions. [8] [9] [10] [11] 15] 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Table 1 , all identified Nglycosylated peptides of fetuin A are shown, indicating that glycosylation variants could be distinguished.
The potential presence of several glycans attached to the same protein site makes glycopeptide analysis more complex and technically challenging. Nevertheless, using this approach of alternating low and high energy CID, it was possible to establish a relationship between glycan composition and the m/z value of the precursor peptide ions. The fragmentation of the oligosaccharide requires much less energy than the fragmentation of the peptide backbone, resulting in the glycan fragments dominating the high energy bbCID spectrum ( Fig. 1B) , to the detriment of peptide sequence information, but providing information on the glycan content.
These findings are similar to that of Gilar et al. [20] using MS E and to that of Geromanos et al. [22] where a 'fragment all' MS approach using a Synapt G2 platform was applied. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 11 The bbCID method was also used to characterise the glycan heterogeneity on recombinant IFN 2b. This protein does not possess the motif required for Nglycosylation and only the threonine (T-106) position of this protein is Oglycosylated. Previous sequence analysis by MS of this protein identified T-106 as the only O-glycosylation site, with limited peptide sequence information. [23, 24] Representative spectra (low and high bbCID energy) of the IFN 2b glycopeptide, FYTELYQQLNDLEACVIQGVGVT(106)ETPLMK, are shown in Fig. 2 and all identified glycoforms are shown in Table 2 . SA2, was seen to be associated with the triply and quadruply protonated precursor ions of the same peptide sequence at m/z 1557.787 and m/z 1168.675 ( Fig. 2A) .
The presence of two glycoforms in the same retention time suggests that one glycoform may derive from the other during gas-phase processes. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 HexNAc suggests that this monosaccharide is the one directly attached to the side chain of the threonine residue. It has been observed previously that cleavage between the first and second monosaccharides adjacent to the peptide is a dominant fragmentation route. [25] Further glycosylation isomers were also identified in small amounts, which is in agreement with results previously reported for this protein (Table 2) . Importantly, our technique applied to INF 2b analysis revealed no additional glycosylation sites. This suggests a potential application of our technique to assess the glycosylation status of glycoproteins, especially for the analysis of therapeutic proteins. In addition, our technique is complementary to analysis of intact glycoproteins where extracting information regarding glycosite is not possible.
The bbCID method is thus of value to glycoengineering for evaluation of the glycosylation status. [26, 27] Our technique of using bbCID for glycoprotein analysis will also have value in assessing glycosylated protein production using recombinant systems, such as Escherichia coli engineered to produce specific glycosylated proteins. [28] Introduction of glycosylation machinery from other bacteria such as
Actinobacillus pleuropneumoniae in E. coli can lead to engineering of novel (nontraditional) consensus glycosylation sequence binding sites (sequons). Examples include NXA, NXG, NXD, NXV AND QXT and QXA for N-linked glycosylation or SXT and SXV for novel O-linked glycosylation consensus sites. [29] Our technique is also compatible with the recently reported method of sequential fragment ion filtering and endoglycosidase assisted identification of intact glycopeptide glycoforms. [30] These examples demonstrate the value of our technique in discriminating glycoforms. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 13 However, the applicability of bbCID for the analysis of glycopeptides with multiple glycosylation sites, or a complex system, where multiple glycopeptides can fall into a DIA window and be fragmented together, is still challenging. The major limitation to bbCID and similar DIA approaches such MS E and SWATH is interference due to chimeric peptides. This interference persists even with the implementation of narrow m/z windows for peptide fragmentation. To overcome this, multiplexing narrowband and wideband DIA acquisitions in a single analytical workflow to generate highly selective, product ion spectra has been applied. [31] This approach may prove useful when applying bbCID approach to the evaluation of PTMs in complex systems.
Phosphopeptide analysis
Commercially available enolase spiked with synthetic phosphopeptide enolase analogues and bovine -casein were used as representative phosphoproteins to evaluate phosphorylation levels, in negative ion mode. We used the negative ion The bbCID MS acquisition method was optimised using a standard peptide mixture of tryptic enolase peptides additionally containing equimolar amount of four synthetic enolase phosphopeptides, designed to incorporate a phosphoserine (HLADLSK), a phosphotyrosine (NVPLYK), a phosphothreonine (VNQIGTLSESIK) and a double phosphoserine (VNQIGTLSESIK). Detailed information regarding these synthetic phosphopeptides is presented in Table 3 . The selectivity of the bbCID method to detect and differentiate phosphorylated from non-phosphorylated peptides was evaluated using this mixture. Representative bbCID mass spectra for a mono- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 were better observed at optimal bbCID collision energy of 35 eV ( Figure 3B ). For the di-phosphorylated peptide, VNQIGTLSESIK, both singly and doubly deprotonated ions are observed at m/z 1146.585 and m/z 722.789, where the doubly charged species is largely dominant (Fig. 4A ). Phosphate diagnostic ions were identified using a bbCID collision energy of 35eV (Fig. 4B ). However, additional information regarding the number of phosphate residues was obtained only upon increasing the bbCID collision energy to 45eV (Fig. 4C) Further analysis of the equimolar mixture of phosphorylated and non-phosphorylated peptides demonstrates that these phosphopeptides are more hydrophobic than nonphosphorylated peptides, due to their higher retention times ( Table 3 ). The presence of a phospho-group is generally expected to decrease the hydrophobicity of a peptide and lower their retention time during reverse-phase chromatography.
However, an increased phosphopetide hydrophobicity has also been previously reported and attributed to polar interactions between the phospho-group and side chains of neighbouring aminoacids. [32] This is consistent with the results observed in the present study.
Extracted ion chromatograms revealed similar ion populations of phosphopeptides and the non-phosphorylated analogues ( Table 3 ). This confirms that in negative ion mode there are no significant changes in ionization efficiency for phosphopeptides.
This implies that decreased detection of phosphopeptides in complex mixtures is not due to ion suppression as commonly believed, but due to the low abundance of phosphopeptides and/or their existence at sub-stoichiometric levels as discussed elsewhere. [33] We extended this approach to evaluate -casein, a multi-phosphorylated protein containing phosphate groups attached to a serine residue at positions 30, 32, 33, 34 and 50. The low and high bbCID energy mass spectra for the phosphopeptide FQS(50)EEQQQTEDELQDK are shown in Fig. 5A and 5B . In Fig. 5A 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 In Figure 5B In general, the ESI negative ion mode is less sensitive compared to the positive ion mode. Moreover, sequence information from negative ion MS/MS spectra of peptides is more difficult to extract, because an evenly spread backbone fragmentation is not observed. Fragmentation of peptide anions is often governed by neutral loss reactions involving side chains rather than peptide backbone fragmentation. Therefore, the body of experimental information on MS/MS spectra of peptide anions is still much smaller compared to positive ions. [5, [34] [35] [36] [37] However, our results suggest that the higher energy bbCID approach proves to be useful for the assignment of phosphopeptides through the detection of phosphate diagnostic ions and H 3 PO 4 neutral losses. A key feature of the data is that the presence of phosphate diagnostic ions and the level of neutral loss of H 3 PO 4 from precursor ions enables assignment of the number of phosphate groups present in the phosphopeptide. Our results demonstrate that negative ion mode bbCID is practical and can be used as a phosphopeptide discovery and characterisation tool, which allows further characterisation of selected phosphopeptides using enrichment techniques such as sequential elution from immobilised metal ion affinity chromatography (SIMAC). [38] SIMAC employs enrichment and separation of monoand multi-phosphorylated peptides. The phosphopeptide fractions are then analysed 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 separately by MS leading to improved phosphoproteomic coverage. We propose that the value of the bbCID approach is in identifying potential phosphopeptide precursors for further evaluation, particularly where the phosphorylation status (mono or multiple) is unknown. This has the potential to boost identification rates, by providing target precursor and product transitions for reaction monitoring based approaches.
It is interesting to note that phosphorylation and glycosylation can result in missed cleavages. In our results, missed cleavages can be especially seen in the case of glycosylated peptides ( Table 1 and 2). In the case of glycosylation, missed cleavages following proteolysis has been reported with trypsin and the use of additional enzymes such as pepsin and thermolysin increases their discovery rate. [39] Missed cleavages have been reported in the literature also for phosphorylated peptides, not only with trypsin but also other proteases such as Lys-C, Asp-N, Glu-C, and chymotrypsin. [40] 
Conclusion
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